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Abstract The compressive strength of oilwell cement
plays an important role in securing the long-term integrity
of wellbore. The cement’s strength development is exper-
imentally difficult to perform once the cement has been
displaced into the wellbore. Failure to monitor its devel-
opment especially during early hydration may lead to
secondary cementing operation or in the worst case may
damage the well. This paper proposes an empirical equa-
tion for strength prediction of Class G oilwell cement using
electrical conductivity at elevated pressure up to 3,000 psi
and temperature up to 65 C during the first 24 h of
hydration. The study used both porosity–strength correla-
tions and strength–electrical properties relationship to
produce predictive equation for strength of oilwell cement.
The proposed equation was experimentally compared to
cement samples with different water–cement ratios and
curing conditions to validate the result. A good agreement
is achieved between the proposed equation and the mea-
sured data. Furthermore, the strength up to 50 days can be
predicted by the proposed equation.
Keywords Electrical conductivity  Compressive
strength  Porosity  Elevated conditions
Introduction
In cementing operation, certain minimum strength of about
500 psi is required before restarting the drilling operations
(Backe et al. 2001). This waiting strength is called as wait-
on-cement (WOC), which is dependent on the hydration
time. It is directly related to the drilling cost per hour with
a longer waiting time which will pose extra cost, and
shorter waiting time may contribute to cement failure due
to imperfect setting time of cement.
Typically, the WOC during a cementing operation could
range from a few hours to several days, depending on the
difficulty of the cement job. Prior to that, a regular cement
bond log may result in a pessimistic interpretation. Hence,
an accurate evaluation and estimation on appropriate
cement strength becomes considerably important to reduce
cost expenditure, particularly at the early ages when the
physical and mechanical properties of well cement signif-
icantly change with times.
In the literature, it is found that the influence of porosity
on the strength of cement has already been well recorded in
many models such as Balshin (1949), Hasselman and
Fulrath (1964), Ryshkewitch (1953) and Schiller (1971).
These models have been applied using a measured porosity
and relating it to its strength; this is rather impractical for
the oilfield used. Therefore, a simple correlation becomes
necessary. Although the correlations between porosity and
strength for several engineering materials have been
intensively investigated, its pertinence to the Class G oil-
well cement under elevated conditions still needs to be
carefully examined.
An electrical conductivity technique has been rapidly
developed and widely applied in composite material
characterization, in particular to the cement-based system.
Many attempts have been made to investigate the
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microstructural properties of the cement system for certain
purposes in construction such as building, road and bridge.
However, its application into oilwell cement still has less
attention, especially during early hydration (Gu et al. 1993;
Christensen et al. 1994; Mindess et al. 2003; Rajabipour
and Weiss 2007; Zhang et al. 2009; Neithalath et al. 2011).
Therefore, this emerging technique of electrical conduc-
tivity is applied as a tool to predict cement strength based
on its porosity and normalized conductivity by including
the effect of elevated pressure and temperature. The
quantitative relationship between electrical conductivity
and strength of oilwell cement becomes the objective of
this paper.
Experimental method
Five batches of cement slurry were mixed with tap water at
water–cement ratios (w/c) of 0.55, 0.5, 0.4, 0.3 and 0.25. In
this case, some samples with w/c of 0.25 and 0.55 acted as
a controller variable. In this study, API cement Class G
High Sulfate Resistant (G-HSR) with the specific gravity of
3.2 g/cm3 obtained from LaFarge Malaysia was used.
Table 1 presents the composition of the cement measured
by X-ray fluorescence analysis.
Referring to the recommended practice of API 10A
(2002), the composition, subsequently, was mixed at a
constant speed at 4,000 rpm for 30 min in which the
cement powder was gently poured into the mixer that had
been filled with water until well mixed. The mixing pro-
cess was continued by increasing the speed of mixing up
to 12,000 rpm for 35 min. Having been prepared, the
cement slurry was immediately placed into a 1-inch
diameter 9 1-inch length cylinder rubber jacket for the
impedance measurement. Afterward, the sample was
weighed using a digital balance in which the weight
measurement was used as an input in the electrical con-
ductivity measurement.
Electrical conductivity
Electrical conductivity information was obtained using
Core Test System Auto Lab from New England Research.
Figure 1 depicts a schematic diagram of electrical imped-
ance measurement Autolab-500 manual book (2007). The
mixed cement samples were placed in accordance with the
core holder apparatus. Prior to installing the apparatus, the
cement samples were firstly jacketed by a flexible rubber to
avoid leakage or fluid loss. To measure electrical proper-
ties, the electrode was carefully aligned with each end of
the sample. The standardized electrode materials consisting
of porous silver membrane filters produced by Osmonics
Inc. were used here.
The execution of the electrical measurement using four-
electrode configurations was purposely to minimize the
effect of electrode polarization (Ford et al. 1995). Here, the
frequency of measurement, totally involving 25 data points
of frequencies for each execution stored, was set from
0.2 MHz to 1 Hz in a logarithmic sweep. These measure-
ments were performed repeatedly until the sample reached
Table 1 Composition of Class G-HSR cement
Raw oxide Wt. % Bogue phasesa Wt. %
CaO 64.3 C3S (tricalcium silicate) 62.5
SiO2 21.2 C2S (dicalcium silicate) 9.3
Al2O3 3.8 C3A (tricalcium aluminate) 2





a Cement chemistry notation: C CaO, S SiO2, A Al2O3, F Fe2O3 Fig. 1 Schematic of core holder in the CoreTestSystem
TM
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24 h of hydration. Table 2 presents the scenarios of the
measurements that illustrate the wellbore conditions during
cementing operation starting at ambient condition to
gradually achieve elevated temperature and pressure.
The confining pressure of 3,000 psi, on the other hand,
was manually conditioned using a hydraulic pump. The
output from the measurement system subsequently was
recorded by the data acquisition system. The system tem-
perature of about 65 C was then obtained by heating the
oil chamber and recorded by an integrated thermocouple of
the system. Measurements were gradually collected at
several 30-min intervals for the first 5 h, followed by the
1-hour increment for the next measurement up to 10 h and
continued at the 2-hour interval until reaching 24 h of
hydration. Figure 2 presents some results of the conduc-
tivity properties measurements.
Porosity
Pascal 240 and 440 high-pressure porosimeters were used
in this study to quantify the porosity of well cement during
hydration based on the capillary law governing liquid
penetration into small pores as functions of surface and
interfacial liquid tensions, pore-throat size and shape, and
wetting properties of sample. This can be expressed in the
following form by Washburn (1921):
Pc ¼  2c cos h
r
ð1Þ
where Pc is the capillary pressure (dynes/cm
2), c the sur-
face tension of Hg (489 dyne/cm), h the contact angle
between mercury and cement pore wall [140 was assumed
(Christensen et al. 1996)], and r is the radius of pore-throat
aperture for a cylindrical pore (cm).
Before measuring the porosity, the cement hydration of
all samples were ceased by applying a solvent exchange
procedure that was by replacing water inside the cement
samples as suggested by Zhang et al. (2009). For samples
at atmospheric condition, placing those samples into 1
inch 9 1 inch cylinder rubber jacket was the curing pro-
cess. Another sample conditioning was performed in the
HPHT curing chamber containing a sample cell with a
dimension of 1 inch 9 1 inch 9 1 inch. The curing dura-
tions were set to around 5, 10, 16 and 24 h for each
scheduled samples. The samples for each curing period of
about 4–8 g were rinsed in a 100-ml acetone in the sealable
container and shaken vigorously. The solvent was renewed
regularly 2–3 times during the first 24 h and repeated about
once per day for the rest 2 days. After soaking in acetone
and before conducting porosity measurement, the samples
were placed into a drying oven at 80 C for 24 h. Three
measurements were made for each sample condition to
ensure data reproducibility, and by averaging these mea-
surements, the final result was then calculated.
Compressive strength
The compressive strength development of all samples of a
24-h hydration was monitored using Ultrasonic Cement
Analyzer (UCA). This device works based on the trans-
mission characteristics of an ultrasonic compressional
wave through cement slurry. It was done by an analyzer by
measuring the transit time and converting it to apparent and
compressive strength. The widespread use and acceptance
of the UCA made it to be accepted as a recommended
practice for determining sonic strength in API RP 10 B-2
(2005). In this study, the Model 200 UCA from Cement
Test Equipment was used.
Directly after mixing, the sample was placed in the test
cell until the proper fill level was obtained using the slurry
level gauge. Extra water was added until reaching the water
fill line on the slurry level gauge. The measurement was
performed for 24 h of hydration and the maximum pressure
and temperature for setting were 3,000 psi and 65 C,
subjected to the same conditions as mentioned in Table 2.
Table 2 Measurement scenarios for conductivity measurement
Sample no. w/c Temp. (C) Pres. (psi)
1 0.25 70 3,000
2 0.3 25 14.7
3 0.3 40 1,500
4 0.3 65 3,000
5 0.4 25 14.7
6 0.4 40 1,500
7 0.4 65 3,000
8 0.5 25 14.7
9 0.5 40 1,500
10 0.5 65 3,000











































Fig. 2 Bulk and pore solution conductivity at atmospheric conditions
as a function of hydration time
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Existing models for cement-based material
To relate the electrical conductivity to compressive strength,
it is worth noting that the correlations between porosity and
compressive strength for several engineering materials have
been intensively investigated (Balshin 1949; Hasselman and
Fulrath 1964; Ryshkewitch 1953; Schiller 1971). However,
its pertinence to the Class G oilwell cement under an ele-
vated condition still needs to be examined.
Balshin has suggested the following power law corre-
lation for powder metal ceramic:
S ¼ S0 1  /ð Þb ð2Þ
where S is the strength, S0 the strength at zero porosity, /
the porosity, and b is the empirical constant.
Meanwhile, Hasselman proposed a linear relationship
between strength and porosity for different refractory glass
materials.
S ¼ S0  b/ ð3Þ
where S is the strength, S0 the strength at zero porosity, /
the porosity, and b is the empirical constant.
Schiller also suggested a logarithmic correlation
between strength and porosity for gypsum paste or non-
metallic brittle materials.
S ¼ b ln /0
/
ð4Þ
where S is the strength, /0 the porosity at zero strength, /
the porosity, and b is the empirical constant.
Ryshkewitch introduced an exponential equation for
porous sintered alumina and zirconia in relating strength
and porosity.
S ¼ S0eb/ ð5Þ
where S is the strength, S0 the strength at zero porosity, /
the porosity, and b is the empirical constant.
To fit these models, an experimental study was made
and used as a basis in predicting the strength using mea-
sured electrical conductivity for oilwell cement at an ele-
vated pressure and temperature.
Results and discussions
Porosity–strength models evaluation
The evaluation was made by correlating both measured
porosity and compressive strength of oilwell cement at
different curing conditions and water to cement ratios. Data
of measured porosity and strength are shown in Tables 3
and 4, and some results in the graphical form of strength
measurement are displayed in Fig. 3. The measured
porosity up to 24 h of hydration is in line with the result
suggested by Justnes et al. (1995) with slight discrepancies
due to the differences in the treatment of samples. The
relationship between strength and porosity shows that a
linear function has been produced between porosity and
strength as shown in Fig. 4. The result of linear equations
follows Eq. (3), respectively.
From Fig. 4, it can be seen that the fitted linear curve
has yielded the equation S ¼ S0  b/ for which the values
of So and b for w/c 0.5, 0.4 and 0.3 are: S ¼ 5; 899 
9; 574 ð/Þ with an R2 value of 0.989, S ¼ 6; 069
10; 316 /ð Þ, with an R2 value of 0.985, and S ¼ 6;
812  14; 192 ð/Þ, with an R2 of 0.987. It is also noticed
that the value of empirical parameters for maximum
strength, S0, was relatively similar irrespective of w/c ratios
and reflected an intrinsic property of the hydration pro-
ducts. However, the maximum strength constant tended to
increase as water–cement ratios increased. The values were
in the range of 5,899–6,812 psi with an average approxi-
mation of 6,355 psi. It is mentioned that value in the
Table 3 Measured porosity of
Class G cement at various











25 C and 14.7 psi 5 0.592 0.565 0.468
10 0.556 0.514 0.416
16 0.485 0.437 0.363
24 0.455 0.401 0.321
40 C and 1,500 psi 5 0.579 0.545 0.442
10 0.507 0.472 0.383
16 0.432 0.422 0.331
24 0.412 0.372 0.291
65 C and 3,000 psi 5 0.562 0.532 0.424
10 0.481 0.452 0.365
16 0.412 0.383 0.322
24 0.377 0.334 0.272
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literature was about 5,800 psi (Backe et al. 2001). The
difference might be the various cement samples used and
also sample curing conditions. The value of the empirical
constant b was in the range between 9,574 and 14,192,
which increases as w/c ratios decreases, as expected.
The porosity–strength relationship from these results is
taken as a basis for predicting the compressive strength
from the measured normalized conductivity (rn) using the
porosity–electrical conductivity relations. As a result, once
having been measured, the normalized conductivity on the
Class G cement using the well-known Archie’s law can be
related to the porosity.
Archie’s porosity examination
Archie’s law has become the standard method for relating
the conductivity of a clean reservoir rock to its porosity. In
this study, it has been shown that Archie’s equation can be
used to estimate porosity of oilwell cement. The general
form of Archie’s law can be stated as follows (Archie
1942):
rb ¼ r0/m ð6Þ
where rb is the bulk conductivity, r0 the pore solution
conductivity, / the porosity and m is the cementation
factor.
Table 4 Measured strength of
Class G cement at various







psi (w/c = 0.5)
Strength,
psi (w/c = 0.4)
Strength,
psi (w/c = 0.3)
25 C and 14.7 psi 5 217 262 252
10 712 847 914
16 1,179 1,366 1,570
24 1,572 1,759 2,086
40 C and 1,500 psi 5 371 487 551
10 1,040 1,210 1,366
16 1,703 1,771 1,997
24 2,052 2,280 2,580
65 C and 3,000 psi 5 469 542 763
10 1,246 1,392 1,582
16 1,841 2,036 2,341
24 2,449 2,740 3,133
y = -9574.1x + 5899
R² = 0.9895
y = -10316x + 6069
R² = 0.9851






























Fig. 3 Experimental data on porosity–strength linear relationship for
Class G cement at different w/c ratios
Fig. 4 Measured compressive strength of w/c 0.5 at a 25 C and 14.7
psi and b 65 C and 3,000 psi
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It was shown that Archie’s law included a variable term
describing the connectivity of the conducting phase
(cementation factor). Ewing and Hunt (2006) stated that
Archie’s law has a theoretical foundation as it can be
derived by applying continuum percolation theory to
fractal porous media. Furthermore, a reasonable physical
phenomenon at the elevated temperature could be
explained by Archie’s model by the cementation exponent
profile (Glover 2009).
The experimental results between normalized conduc-
tivity and porosity corresponding to Archie’s model in the
form of power law are shown in Fig. 5. The cementation
factor in the equations was found to be varied referring to

















































Class G cement of w/c = 0.4 at
a 25 C and 14.7 psi and































































Fig. 7 Comparison of
measured porosity and porosity
predicted from Archie’s
equation of a w/c = 0.5,
















































conductivity versus porosity for
Class G cement of w/c 0.4
a 25 C and 14.7 psi and
b 65 C and 3,000 psi
308 J Petrol Explor Prod Technol (2013) 3:303–311
123
was, the more tortuous the network would be. As the
cement further hydrated, the connectivity became narrower
and more tortuous as indicated by the microstructural
parameter (m factor) changed with age. Accounting for
these changes, a fitting procedure was performed on the
models to the experimental measurements of electrical
conductivity.
Figure 6 shows the microstructure parameters distribu-
tion from fitting procedure between Archie’s model and
experimental measurements. The downturn of the m factor
was observed—especially at elevated curing condition
after cement was set. This was an artifact of the data
approaching the percolation limit. The limit number pro-
posed by Bentz and Garboczi (1991) was /c ¼ 0:18 based
on simulation. This turning point was early experienced at
elevated curing conditions as an effect of hydration
acceleration.
Comparisons of measured and calculated porosity are
presented in Fig. 7. It can be seen that the Archie’s equa-
tion overpredicted the porosity at the early ages for all w/c
ratios. The relatively low overprediction occurred at the
high w/c due to the chosen cementation factor that might
have caused this behavior. The phenomena of overpredic-
tion seemed to appear due to the dominant effect of pore
solution conductivity compared to that of porosity. On the
other hand, as hydration product started to form and an
opening pore diluted, the predictions seemed to agree well
with the experimental values at the later ages. These values











































































Calculated 25°C & 14.7 psi
Calculated 40°C & 1500 psi
Calculated 65°C & 3000 psi
Measured 25°C & 14.7 psi
Measured 40°C & 1500 psi
Measured 65°C & 3000 psi
(a) (b)
(c)
Fig. 8 Comparison of
compressive strength predicted




a w/c = 0.5, b w/c = 0.4 and








































Fig. 9 Comparison of the
measured and predicted
strengths using the modified
Hasselman equation at 70 C
and 3,000 psi for w/c a 0.25 and
b 0.55
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Empirical equation for strength prediction
From the values of porosities predicted using Archie’s
equation as described in the previous section, the strengths
of Class G cement could be predicted using the modified
model of Hasselman equation as follows:
S ¼ S0  b rbr0
 1=m
ð7Þ
where S is the strength, So the strength at zero porosity,
b the empirical constant, rb the bulk conductivity, ro the
pore solution conductivity, and m is the cementation factor.
Figure 8 shows the predicted strengths and the measured
ones of the oilwell cement as a function of hydration time.
The strength predicted using modified Hasselman equation
showed a good agreement between the experimental data
and predicted one with level of error below 19 %. It was
satisfactory for all water to cement ratios with average
coefficient of determination (R2) of 0.92 for 0.5 w/c, 0.95
for 0.4 w/c and 0.90 for 0.3 w/c. The values of the con-
stants and cementation factors used in the Hasselman
equation might be the reason for the slight discrepancy for
each w/c ratios. However, it may give a practical way to
estimate the strength development of well cement in-placed
using its electrical properties data.
Equation (7), subsequently, was applied for the strength
prediction of cement at different mixing and curing con-
ditions at which samples with w/c 0.25 and w/c 0.55 were
conditioned at 70 C and 3,000 psi. The measured strength
and prediction using Eq. (7) are exhibited in Fig. 9. The
result shows a good agreement between the predicted and
measured strengths with the level of error about below
15 %.
Moreover, Eq. (7) was also performed for these sample
conditions with hydration period up to 50 days. The result
of the measured and predicted strengths is given in Fig. 10.
It can be seen that with 1 day electrical conductivity
measurement, the error in estimating 50 days strength was
\31 % and the error in estimating 15 days was \18 %.
The predicted strength above 15 days of hydration time
seems to underestimate the measured value. It was sus-
pected due to the selection of constant cementation factor
instead of changing simultaneously as an effect of hydra-
tion mechanism and curing condition. It can be said that the
measured conductivity data for 1 day can be used to predict
the strength development up to 50 days with acceptable
accuracy.
Conclusion
A good correlation was observed between porosity and
strength in the form of power law. It was then used as a
basis for strength prediction using electrical properties
measurements. The porosity values for strength prediction
were calculated using Archie’s equation based on its
electrical properties. The employment of electrical prop-
erties on the power law correlation resulted in the modified
version of Hasselman equation. The correlation between
measured strength and strength predicted using modified
Hasselman equation was found to be satisfied. The pre-
dictive equation was also applicable for the new cement
sample with different w/c and curing conditions up to
50 days of hydration period.
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